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(57) ABSTRACT 

A method for equalizing a digital signal received via at least 
one communication channel is described, Wherein a block of 
received signal values is processed by a block-iterative equal 
iZer (200). The equalizer comprises a feedback unit (202) and 
a feed-forward unit (201) each corresponding to the multipli 
cation by a respective matrix. The matrices are updated in the 
iterative process. 
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METHOD OF EQUALIZING A DIGITAL 
SIGNAL AND EQUALIZER 

FIELD OF THE INVENTION 

[0001] The invention relates to a method for equalizing a 
digital signal and an equalizer. 

BACKGROUND OF THE INVENTION 

[0002] A MIMO (multiple input multiple output) system is 
a communication system With multiple antennas at both the 
transmit side and the receive side. If nT denotes the number of 
transmit antennas and nR denotes the number of receive 
antennas, a MIMO system achieves a channel capacity Which 
is almost N:min(n1, nR) times of the capacity of a corre 
sponding single antenna system. 
[0003] To achieve this capacity of a MIMO system, a spa 
tial multiplexing scheme has been proposed according to 
Which one independent data stream is transmitted by each 
transmit antenna. Because of the cross-interference among 
the data streams, each receive antenna receives a combination 
of the transmitted data streams. It is a challenging task for the 
receiver to separate the transmitted data streams, especially 
When the signal dimension N is very large. 
[0004] A single-antenna communication system usually 
suffers from inter-symbol interference (ISI) and multiple 
access interference (MAI). For example, in single carrier 
cyclic pre?x (SCCP) based systems or WHT-OFDM (Walsh 
Hadamard transform orthogonal frequency division multi 
plexing) systems, the transmitted symbols interfere With each 
other, yielding severe ISI. Both MAI and ISI exist in code 
division multiple access (CDMA) systems. 
[0005] In Wired transmission systems such as in digital 
subscriber lines (DSL), multiple lines are bonded together, 
thus besides the severe ISI due to the long delay in each 
telephone line, cross-talk among different lines is another 
major impairment affecting the transmission quality. 
[0006] For a MIMO system, the folloWing input-output 
model can be used: 

J_F@+E (1) 

Where s denotes the transmitted signal vector, x denotes the 
received signal vector and n denotes the received noise vector. 
H denotes the channel matrix and represents the channel 
responses from the transmit side to the receive side. For 
clarity, it is assumed that s, x and n are all N><l andH is a N><N 
matrix. 
[0007] The MIMO model given above represents a Wide 
range of communication systems. In fact, the input-output 
relation can be derived either in time domain, frequency 
domain, spatial domain or any combination of them. For a 
MIMO antenna system Working in ?at fading environment, 
the channel matrix H represents the channel responses from 
each transmit antenna to each receive antenna. For a SCCP 
system, the channel matrix H is a circular matrix, the elements 
of Which come from the time domain channel responses from 
the transmit antenna to the receive antenna. 
[0008] In the above model, the transmitted signal vector s 
may consist of only user’s information-bearing symbols, 
Which are usually With the same modulation. For multiuser 
case, the transmitted symbols may use different modulation 
methods. 
[0009] For a generic MIMO system, three types of interfer 
ences must be considered: multi-stream interference (MSI), 
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inter-symbol interference (MSI), both from one user and MAI 
Which comes from the other users. 
[0010] Linear equaliZers and nonlinear equaliZers have 
been proposed to recover transmitted signals. Linear detec 
tors, such as ZF (Zero forcing) detectors and MMSE (mini 
mum mean squared error) detectors and some nonlinear 
detectors, such as generaliZed decision feedback equaliZers 
(GDFE) are simple for implementation, but achieve a detector 
performance far aWay from the maximum likelihood (ML) 
performance bound. When the signal dimension is very small, 
a nonlinear exhaustive search can be applied to achieve ML 
detection, Where the number of candidates to be sought is MN, 
Where M is the constellation siZe of the modulated symbols. 
For large signal dimension, hoWever, the exponential com 
plexity of the ML detector makes it impractical for imple 
mentation. 
[001 1] Recently, much effort has been devoted in designing 
loW-complexity non-linear receivers to achieve near-ML per 
formance for MIMO systems. When the signal dimension is 
small and moderate, near ML detection can be achieved 
through closest lattice point search (CPS) techniques, such as 
sphere decoding, Which have loWer complexity than the brute 
force ML detector. The time and space complexity for CPS 
techniques groWs dramatically With the increase of the signal 
dimension. Therefore, it becomes impractical to use CPS 
When the signal dimension goes to large, say over 100. 
[0012] A block-iterative decision feedback equaliZer (BI 
DFE) method has been proposed for ISI/ MAI cancellation in 
CDMA systems in [l] and for ISI channel equaliZation in 
single user systems in [2], assuming an in?nite signal dimen 
sion. This method iteratively estimates the overall transmitted 
symbols and uses these decision-directed symbols to obtain a 
neW set of symbol estimates by canceling out the interfer 
ences. As an iterative technique, for high SNR (signal to noise 
ratio) region and When the number of independent delay paths 
is suf?ciently large, BI-DFE can achieve the matched ?lter 
bound (MFB) Within three to ?ve iterations. 
[0013] BI-DFE Was later extended to frequency domain 
equaliZation for SCCP systems in [3], and to layered space 
time processing for multiple antenna SCCP systems [4], both 
With ?nite signal dimensions. For SCCP systems, the channel 
is a circular matrix. For multiple antenna SCCP systems, the 
interferences from the other users are cancelled out, thus the 
neWly generated signal is actually a single user SCCP system, 
to Which a BI-DFE is applied. Therefore, both extensions 
make use of the channel’s knoWn structure4circular matrix, 
Which is not available in generic MIMO channels. 
[0014] An obj ect of the invention is to provide an improved 
method for equaliZing a digital signal compared to prior art 
methods. 
[0015] The object is achieved by a method for equaliZing a 
digital signal and an equaliZer With the features according to 
the independent claims. 

SUMMARY OF THE INVENTION 

[0016] A method for equaliZing a digital signal received via 
at least one communication channel is provided, Wherein the 
signal values of the received digital signal are grouped into at 
least one block of received signal values and the at least one 
block of received signal values is processed by an iterative 
equaliZer. In tWo or more iterations, a block of equaliZed 
signal values for the block corresponding to the current itera 
tion is generated and in tWo or more iterations the block of 
equaliZed signal values corresponding to a previous iteration 



US 2008/0187034 A1 

is processed by a feedback unit Which performs a multiplica 
tion by a ?rst matrix. Further, in tWo or more iterations the at 
least one block of received signal values is processed by a 
feed-forWard unit Which performs a multiplication by a sec 
ond matrix. In tWo or more iterations, the ?rst matrix is 
updated and in tWo or more iterations, the second matrix is 
updated. Further, in tWo or more iterations, the block of 
equalized signal values corresponding to the current iteration 
is determined based on the combination of the output of the 
feed-forWard unit and the output of the feedback unit for the 
current iteration. 
[0017] Further, an equalizer according to the method for 
equalizing a digital signal described above is provided. 

SHORT DESCRIPTION OF THE FIGURES 

[0018] FIG. 1 shoWs a communication system according to 
an embodiment of the invention. 
[0019] FIG. 2 shoWs an equalizer according to an embodi 
ment of the invention. 
[0020] FIG. 3 shoWs an equalizer according to an embodi 
ment of the invention. 
[0021] FIG. 4 shoWs an equalizer according to an embodi 
ment of the invention. 
[0022] FIG. 5 shoWs a communication system according to 
an embodiment of the invention. 
[0023] FIG. 6 shoWs an equalizer according to an embodi 
ment of the invention. 
[0024] FIG. 7 shoWs an equalizer according to an embodi 
ment of the invention. 
[0025] FIG. 8 shoWs an equalizer according to an embodi 
ment of the invention. 
[0026] FIG. 9 shoWs an equalizer according to an embodi 
ment of the invention. 
[0027] FIG. 10 shoWs a diagram according to an embodi 
ment of the invention. 

DETAILED DESCRIPTION 

[0028] Illustratively, a block-iterative generalized decision 
feedback equalizer (BI-GDFE) is provided, Wherein the feed 
back matrix and the feed-forWard matrix are updated in the 
iterative process. The equalizer can be realized having loW 
complexity since the feedback unit and the feed-forWard unit 
can be implemented as one-tap ?lter units. In one embodi 
ment, the equalizer coef?cients are pre-calculated, such that 
the complexity is reduced further. In one embodiment, the 
equalizer is based on a singular value decomposition of the 
MIMO channel matrix (modelling the channel transmission 
characteristics). This embodiment can also be realized With 
loW complexity, since only one singular value decomposition 
is involved. 
[0029] With the invention, it becomes possible to achieve 
gigabit-level transmissions using large antenna systems for 
Wireless applications or using large number of lines for Wired 
transmissions, such as in DSL applications. The invention is 
for example applicable to communication systems compliant 
With IEEE 802.1 In, i.e. for Wireless local area netWorks, but 
may also be applicable to large area communication systems 
such as mobile telephone communication systems. The 
invention is eg applicable to communication systems com 
pliant With WIMAX (Worldwide Interoperability for Micro 
WaveAccess) or B3G (beyond 3G) standards. 
[0030] Near ML detection can be achieved for MIMO sys 
tems With large signal dimension. 
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[0031] Embodiments of the invention emerge from the 
dependent claims. The embodiments Which are described in 
the context of the method for equalizing a digital signal are 
analogously valid for the equalizer. 
[0032] The ?rst matrix can be updated based on the result of 
at least one previous iteration. Similarly, the second matrix 
can be updated based on the result of at least one previous 
iteration. 
[0033] A block of equalized signal values for the block 
corresponding to the iteration is for example generated in 
each iteration. 
[0034] The ?rst matrix and the second matrix may be both 
updated in tWo or more iterations. 
[0035] The ?rst matrix can be updated in each iteration. 
Similarly, the second matrix can be updated in each iteration. 
[0036] In one embodiment, the ?rst matrix and the second 
matrix are updated based on the correlation betWeen the block 
of equalized signal values corresponding to a previous itera 
tion and the block of received signal values. The update may 
also be performed based on a pre-estimation of the correla 
tion. 
[0037] The correlation betWeen the block of equalized sig 
nal values corresponding to a previous iteration and the block 
of received signal values can be determined based on the 
equalized SINR of the previous iteration. 
[0038] The correlation betWeen the block of equalized sig 
nal values corresponding to a previous iteration and the block 
of received signal values is in one embodiment determined 
based on pre-determined correlation values. 
[0039] The pre-determined correlation values may be gen 
erated by means of simulations. 
[0040] The second matrix is for example updated based on 
a maximisation of the signal to interference and noise ratio 
(SINR). The ?rst matrix is for example updated based on a 
minimisation of the interference. 
[0041] In one embodiment, the received digital signal is a 
digital signal received via a MIMO system comprising a 
plurality of receive antennas and each receive antenna corre 
sponds to exactly one component of the block of received 
signal values. 
[0042] In one embodiment, in tWo or more iterations, the 
block of received signal values is processed by a ?rst beam 
forming unit Which performs a multiplication by a third 
matrix und Wherein the block of equalized signal values cor 
responding to a previous iteration is processed by a second 
beamforming unit Which performs a multiplication by a 
fourth matrix. 
[0043] The third matrix and the fourth matrix for example 
correspond to a singular value decomposition of the channel 
matrix specifying the transmission characteristics of the com 
munication channel. 
[0044] The singular value decomposition of the channel 
matrix can be performed based on a decomposition of the 
channel matrix according to the subcarriers used in the com 
munication channel. 
[0045] The ?rst matrix and the second matrix are in one 
embodiment generated according to the channel matrix speci 
fying the transmission characteristics of the communication 
channel. 
[0046] The communication channel is for example adapted 
according to MC-DS-CDMA, MC-CDMA, CP-CDMA or 
CP-DS-CDMA. 
[0047] Illustrative embodiments of the invention are 
explained beloW With reference to the draWings. 
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[0048] FIG. 1 shows a communication system 100 accord 
ing to an embodiment of the invention. 
[0049] The communication system 100 comprises a trans 
mitter 101 and a receiver 102. The transmitter 101 is formed 
according to a MIMO-SCCP (multiple input multiple output 
single carrier cyclic pre?x) architecture, this means a SCCP 
system With MIMO antennas. For simplicity, the communi 
cation system 100 is a 2x2 MIMO system comprising tWo 
transmit antennas 103 Wherein each transmit antenna 103 is 
used to transmit one data stream 104. The tWo data streams 
104 in form of modulated symbols are each passed to a 
serial-to-parallel (S/P) converter 105. The S/P converters 105 
generate blocks of data from the respective data streams 104. 
Let a block of data generated by the upper S/P converter 105 
in FIG. 1 be denoted by s1 (n) and let a block of data generated 
by the loWer S/P converter 105 in FIG. 1 be denoted by s2(n) 
(assuming than s1(n) and s2(n) correspond to data that should 
be transmitted at the same time). sl(n) and s2(n) are vectors of 
size N><l and are also referred to as the transmitted signal 
vectors in the folloWing. 
[0050] To each block of data sl(n) and s2(n) there is added 
a cyclic pre?x of length L by a respective cyclic pre?x adding 
unit 106. Finally, the blocks of data are each passed to a 
respective parallel-to-serial (P/ S) converter (not shoWn in 
FIG. 1) Which generates a serial symbol stream from each 
block. Each serial symbol stream is then sent by a respective 
transmit antenna 103. 
[0051] The serial symbol streams are received by the 
receiver 102 via respective receive antennas 107. Each 
received serial symbol stream is ?rst passed to a respective 
S/P converter (not shoWn in FIG. 1) to generate a block of 
symbols from each received serial symbol stream. The cyclic 
pre?x is removed from each block of symbols by a respective 
cyclic pre?x removal unit 108 and a fast Fourier transform 
(FFT) is applied to each block of symbols by a respective FFT 
unit 109 such that a received signal vector is generated cor 
responding to each transmitted signal vector. Let the received 
signal vector corresponding to the transmitted signal vector 
sl(n) be denoted by xl(n) and let the received signal vector 
corresponding to the transmitted signal vector s2(n) be 
denoted by xi(n). 
[0052] The received signal vectors x1 (n) and x2(n) are each 
fed to an equalizer 110. From xl(n) the equalizer 110 gener 
ates a detected (equalized) signal vector s1 (n) and from x2(n) 
the equalizer 110 generates a detected (equalized) signal vec 
tor s2(n). 
[0053] In the folloWing, the function of the equalizer 110 is 
described according to various embodiments of the invention. 
[0054] FIG. 2 shoWs an equalizer 200 according to an 
embodiment of the invention. 
[0055] The equalizer 200 is an iterative equalizer. In the 
following, 1 is used as the iteration index. The input of the 
equalizer 200 is a received signal vector, as explained With 
reference to FIG. 1, denoted by x. 
[0056] At the lth iteration, the received signal vector x is 
passed to a feed-forWard equalizer (FFE) 201 Which performs 
a multiplication of x by the matrix EZH. Further, at the lth 
iteration, the hard decision from the previous, l— 1 th, iteration, 
this means the signal vector detected according to the l-lth 
iteration sl_l(n) is fed to a feedback equalizer (FBE) 202 
Which performs an multiplication of sl_l(n) by the matrix D]. 
The output of the feed-forWard equalizer 201 and the output 
of the feedback equalizer 202 are combined (added) by an 
adder (combiner) 203 to generate a vector z]. 
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[0057] The vector z] is fed to a slicer 204 Which generates 
the hard decision for the lth iteration sl(n). 
[0058] Mathematically, the input to the slicer 204 at the lth 
iteration is given by 

ZIIL/IHx'l'QéLI (2) 

[0059] Since x:@+n, let 

QFdiagQ’IHIi) (3) 

be the diagonal matrix comprising the diagonal elements of 
the matrix WZH H. Then, 

the covariance matrix of the composite interference plus 
noise is given by 

inzi 

Where p Z_ 1 is the correlation betWeen the decisions made at the 
(l—l)th iteration With the input, also called input-decision 
correlation. To minimize the interference effect, WZ is chosen 
in the lth iteration according to 

(9.192010 DQF-EHQIEHQFL/JHQ) <6) 

[0061] Intuitively, for a given FFE, the FBE is chosen to 
minimize the interference effect. 
[0062] The FFE (given by W1) is in the lth iteration chosen 
such that the SINR is maximized according to 

[0063] Altogether, the algorithm for Weight generation, i.e. 
for determining E1 and Q; is given by the folloWing 
[0064] (1) Set 1:0 and p0 for initialization 
[0065] (2) In the lth iteration, use p Z_ l for calculating E1 and 
2] according to (7) and (6) 
[0066] (3) Perform processing as described to generate s, 
and continue With the next iteration (i.e., go to (2)). 
[0067] In one embodiment, the FFE and FBE coef?cients 
and the correlation coe?icients, i.e., E], Q; and p Z_ 1 are pre 
calculated When the channel responses, i.e., H, have been 
estimated ?rst. 
[0068] FIG. 3 shoWs an equalizer 300 according to an 
embodiment of the invention. 
[0069] As alternative to the equalizer 200 described above 
With reference to FIG. 2, the equalizer 300 is chosen for the 
equalizer 110 in the receiver 102 in one embodiment of the 
invention. 
[0070] The equalizer 300 is also an iterative equalizer. As 
above, 1 is used as the iteration index. The input of the equal 
izer 200 is a received signal vector, as explained With refer 
ence to FIG. 1, denoted by x. 
[0071] The equalizer 300 is based on a singular value 
decomposition of the matrix H according to 

HIE” (8) 
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[0072] Using this, E1 according to equation (7) can be 
Wr1tten as 

EFEIXH (9) 

Where 

is a diagonal matrix. 

[0073] Similarly, DZ according to (6) can be Written as 

QJIEH(Ql-L/lHIi):E171@1l-L0H@+EH(21-510 (1 1) 

Where 

i 1 H 

11 = W Tracd?l ?). 

Substituting (8) and (9) into (1 1) yields 

Where BZ:QZ_l@l—EZH;) and QZIQMQFQZD and both are 
diagonal matrices. 
[0074] Accordingly, the slicer input ZZ can be Written as 

Z1 = mm”; + (1511” + QQI 1 (13) 

= mrfn'u +511?)s1,1 +Q1SH 

[0075] According to this expression of the slicer input 21, 
the received signal vector x is fed to a ?rst (receiver) beam 
forming unit 301, Which performs a multiplication of x by the 
matrix EH. The output of the beamforming unit 301 is sup 
plied to a feed-forWard (one-tap) equalizer 302 Which per 
forms a multiplication by the matrix EH. 
[0076] The decision-directed signal vector estimate Which 
Was made at the (l—l)th iteration, i.e., the hard decision of the 
(l—l)th iteration @M is supplied to a second beamforming unit 
303 Where it is multiplied by the beamforming matrix EH. 
[0077] The output of the second beamforming unit 303 is 
processed by a feedback (one-tap) equalizer 304 Which per 
forms a multiplication by the matrix B]. The output of the 
feed-forWard equaliZer 302 and the output of the feedback 
equaliZer 304 are combined (added) by a ?rst adder 305, the 
output of Which is processed by a third beamforming unit 306 
Which performs a multiplication by the matrix y. 
[0078] Further, s, l is passed to a further (one-tap) equaliZer 
307 Which performs a multiplication by the matrix Q]. The 
output of the third beamforming unit 306 and the further 
equaliZer 307 are combined (added) by a second adder 308. 
The output of the second adder 308 is the input g; to a slicer 
309 Which uses the input to make a hard decision for the lth 
iteration, i.e. generates §,. 
[0079] According to equations (8) and (9), EZHIEH 
2H. If all the elements of y are of the same amplitude, then 
gfd?g?f’EIQl, Where 
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1 
E’: W Trace (£72). 

In this case 61:0. 
[0080] For generic MIMO channels, gZ:diag@ZH@#aZl, 
because the elements of V do not have the same amplitude. In 
this case, 6Z#0. Therefore, diag?lH?) needs to be calculated, 
Which requires N2 complex multiplications. 
[0081] A further alternative to the equaliZer 200 described 
above With reference to FIG. 2 is shoWn in FIG. 4. 

[0082] FIG. 4 shoWs an equaliZer 400 according to an 
embodiment of the invention. 

[0083] The equaliZer 400 can be used as the equaliZer 110 
in the receiver 102 in one embodiment of the invention. 

[0084] The equaliZer 400 is illustratively a simpli?cation of 
the equaliZer 300 described above. The simpli?cation is 
achieved by choosing 01:0 and 

According to this simpli?cation, the received signal vector x 
is fed to a ?rst beamforming unit 401, Which performs a 
multiplication of x by the beamforming matrix EH. The out 
put of the beamforming unit 401 is supplied to a feed-forWard 
(one-tap) equaliZer 402 Which performs a multiplication by 
the matrix EH. 
[0085] The decision-directed signal vector estimate Which 
Was made at the (l—l)th iteration, i.e., the hard decision of the 
(l—l)th iteration @H is supplied to a second beamforming unit 
403 Where it is multiplied by the beamforming matrix y". 
[0086] The output of the second beamforming unit 403 is 
processed by a feedback (one-tap) equaliZer 404 Which per 
forms a multiplication by the matrix B]. The output of the 
feed-forWard equaliZer 302 and the output of the feedback 
equaliZer 304 are combined (added) by a ?rst adder 305, the 
output of Which is processed by a third beamforming unit 306 
Which performs a multiplication by the matrix y. 
[0087] The output of the third beamforming unit 306 is the 
input g; to a slicer 407 Which uses the input to make a hard 
decision for the lth iteration, i.e. generates §,. 
[0088] The SINR (signal to interference and noise ratio) at 
the lth iteration can also be simpli?ed to 

we 
SINR = i. 

1 Tr(g§(l 110/51151151 + @5515?) 

[0089] Since F], B Z and Z are all diagonal matrices, the trace 
calculation is very simple. 
[0090] Because of the cyclic pre?x adding, the received 
signal vectors x1 (n) and x2(n) can be Written as 

Where L-(n), sl-(n) and ul-(n) are all column vectors With dimen 
sion N><l, and E is the DFT (discrete Fourier transform) 
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matrix and Q]- is a diagonal matrix containing the frequency 
domain channel responses from the ith transmit antenna to the 
jth receive antenna. 
[0091] Therefore, the input-output relation can be Written 
as 

An) = @(n) + Mn) (14) 

where 

i: W 
A12 A22 0 W 

Where K = [ 

[0092] According to the input-output relation (14) the 
equalizer according to the embodiments described With ref 
erence to FIG. 2, FIG. 3 and FIG. 4 can be used. When using 
the embodiments according to FIG. 3 and FIG. 4, one could 
expect that since the matrix dimension of H is 2N><2N, the 
computation Would be very complex. However, as Will be 
seen beloW, the receiver 102 can be very effective When use of 
the matrix structure property is made. 
[0093] HIE and w is a unitary matrix. Therefore, doing 
singular value decomposition or matrix inversion for H can be 
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implemented by doing singular value decomposition or 
matrix inversion for the block diagonal matrix Further, 
because of the block diagonality of 5, the singular value 
decomposition or the matrix inversion of the matrix H can be 
done sub-carrier by sub-carrier, similar to MlMO-OFDM 
systems. 
[0094] Let 

AIUAVH 

be a singular value decomposition of Similarly, let 

be a singular value decomposition of the channel matrix 
corresponding to each subcarrier, denoted by Hk 
[0095] It is easy to verify that the unitary matrix Q is deter 
mined by the matrices Qk, the unitary matrix X is determined 
by the matrices yk and the diagonal matrix A is determined by 
the singular values of the matrices Hk, i.e., by ;k (kIO, 1, . . . 
, N- 1 ). 

[0096] As an example to illustrate this, let the block diago 
nal matrix H be (in this example the frequency domain block 
siZe N:2 and the spatial domain siZe is 2x2): 

0.4117 + 0.4008i 0 0.0481 — 0.5663i 0 

H —0.4081 — 0.1638i 0 —0.5830 — 0.7364i 

i _ 0.6456 — 0.1820i 0 0.3024 — 0.1448i 0 

—0.3130+1.0168i 0 —0.6199+0.2787i 

[0097] When singular value decompostion H:_ s y is 
performed one gets: 

Q = 

—0.0000 — 0.0000i —0.6569 — 0.3681i —0.5577 + 0.3491i —0.0000 + 0.0000i 

—0.5683—0.2481i 0 0 —0.7741—0.1278i 

0.0000 — 0.0000i —0.6579 + 0.0124i 0.34191 — 0.6673i —0.0000 — 0.0000i 

—0.3894+0.6811i 0 0 0.1662—0.5974i 

1.5673 0 0 0 

S 0 0.9727 0 0 

r _ 0 0 0.5190 0 

0 0 0 0.4613 

0 —0.8687 0.4954 0 

V 0.6935 +0.1218i 0 0 —0.6994—0.1228i 

—0.0000 + 0.0000i —0.0245 — 0.4948i —0.043 — 0.8676i 0.0000 — 0.0000i 

0.6031 — 0.3749i 0 0 0.5980i — 0.3717i 
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[0098] The channel matrix H1 for the ?rst subcarrier is 

H 0.4117+0.4008i 0.048l—0.5663i 

*1 _ 0.6456—0.1820i 0.3024—0.1448i 

and a singular value decomposition HIIQI s1 21 yields 

—0.6579 — 0.368li 0.5577 — 0.349li 
U = 
*1 —0.6579 + 0.0l24i —0.3491 + 0.6673i 

0.9727 0 
s1 = 

0 0.5190 

V —0.8687 —0.4954 

*1 _ -0.0245 - 0.4948i 0.0430 + 0.86761" 

[0099] The channel matrix H2 for the second subcarrier is 

H —0.408l — 0.1638i —0.5830 — 0.7364i 

and a singular value decomposition HZIQ2 s2 22 yields 

—0.6027 — 0.1460i 0.7845 — 0.0080i 
U = 
*2 —0.2657+0.7382i —0.0604+0.6171i 

1.5673 0 
s2 = 

0 0.4613 

0.7041 0.7101 
X 

2 = 0.5291- 0.4736i —0.5247 + 0.4696i' 

[0100] One can see from this example that the second and 
third of singular values/vectors of H are determined by the 
?rst subcarrier corresponding to H1 While the others are deter 
mined by the second subcarrier corresponding to H2. 
[0101] In a generic sense, for MlMO-SCCP With M><M 
MIMO and an FFT size of N, each of the column vectors of 
the unitary matrices of H consists of only M non-zero ele 
ments, shoWing that in the multiplications by QH, y and EH 
can be implemented in a very ef?cient Way. In conclusion, for 
MlMO-SCCP systems With M transmitters and M receivers 
and an SCCP block size of N, the matrix dimension for a 
singular value decomposition or a matrix inversion is not 
NM><NM but M><M (N decompositions are necessary). 
Therefore, a signi?cant complexity reduction can be 
achieved. 
[01 02] A further embodiment is described With reference to 
FIG. 5. 
[0103] FIG. 5 shoWs a communication system 500 accord 
ing to an embodiment of the invention. 
[0104] The communication system 500 is a WHT-OFDM 
(Walsh Hadamard Transform OFDM) system With MIMO, 
also called MlMO-WHT-OFDM system. 
[0105] The communication system 500 comprises a trans 
mitter 501 and a receiver 502. For simplicity, the communi 
cation system 500 is a 2x2 MIMO system comprising tWo 
transmit antennas 503 Wherein each transmit antenna 503 is 
used to transmit one data stream 504. The tWo data streams 
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504 in form of modulated symbols are each passed to a 
serial-to-parallel (S/P) converter 505. The S/P converters 505 
generate blocks of data from the respective data streams 504. 
Let a block of data generated by the upper S/P converter 505 
in FIG. 1 be denoted by s1 (11) and let a block of data generated 
by the loWer S/P converter 505 in FIG. 1 be denoted by s2(n) 
(assuming than sl(n) and si(n) correspond to data that should 
be transmitted at the same time). sl(n) and s2(n) are vectors of 
size N><l and are also referred to as the transmitted signal 
vectors in the folloWing. 

[0106] Each block of data sl(n) and s2(n) is passed to a 
respective Walsh-Hadamard transform (WHT) unit 506 
Where they are processed by a Walsh-Hadamard transform. 
Each of the WHT-transformed blocks of data is fed to a 
respective IFFT unit 507 Which performs an inverse fast Fou 
rier transform on the respective WHT-transformed block. 

[0107] After WHT transformation and IFFT transforma 
tion, there is added a cyclic pre?x of length L to each block by 
a respective cyclic pre?x adding unit 508. Finally, the blocks 
of data are each passed to a respective parallel-to-serial (P/ S) 
converter (not shoWn in FIG. 1) Which generates a serial 
symbol stream from each block. Each serial symbol stream is 
then sent by a respective transmit antenna 503. 

[0108] The serial symbol streams are received by the 
receiver 502 via respective receive antennas 509. Each 
received serial symbol stream is ?rst passed to a respective 
S/P converter (not shoWn in FIG. 1) to generate a block of 
symbols from each received serial symbol stream. The cyclic 
pre?x is removed from each block of symbols by a respective 
cyclic pre?x removal unit 510 and a fast Fourier transform (of 
size N) is applied to each block of symbols by a respective 
FFT unit 511 such that a received signal vector is generated 
corresponding to each transmitted signal vector. Let, as 
above, the received signal vector corresponding to the trans 
mitted signal vector s1 (11) be denoted by xl(n) and let the 
received signal vector corresponding to the transmitted signal 
vector s2(n) be denoted by xi(n). 
[0109] The received signal vectors xl(n) and xi(n) are fed 
to an equalizer 512. From xl(n) the equalizer 512 generates a 
detected signal vector sl(n) and from x2(n) the equalizer 512 
generates a detected signal vector si(n). 
[0110] Because of the cyclic pre?x adding, xl(n) and x2(n) 
can be Written as 

Where L-(n), sl-(n) and ul-(n) are all column vectors With dimen 
sion N><l, and Q is the WHT matrix and Al]- is a diagonal 
matrix containing the frequency domain channel responses 
from the ith transmit antenna to the jth receive antenna. 

[0111] Therefore, the input-output relation can be Written 
as 

?n) = $0!) + M") (15) 

Where 

[311”) ] [.5100 ] [2100] ?n) = , 501) = , Mn) and 
£20!) 52W) 22W) 
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-continued 

[0112] According to the input-output relation (15) the 
equalizer according to the embodiments described With ref 
erence to FIG. 2, FIG. 3 and FIG. 4 can be used as the 
equalizer 512. 
[0113] HIE and C is a unitary matrix. Therefore, similar 
to a MIMO-SCCP system, as described above, singular value 
decomposition or matrix inversion for H can be implemented 
by doing singular value decomposition or matrix inversion 
for the block diagonal matrix Further, because of the block 
diagonality of K, the singular value decomposition or the 
matrix inversion of the matrix H can be done sub-carrier by 
sub-carrier, similar to MIMO-OFDM systems. 
[0114] In conclusion, for MIMO-WHT-OFDM systems 
With M transmitters and M receivers and an OFDM block size 
of N, the matrix dimension for a singular value decomposi 
tion or a matrix inversion is not NM><NM but M><M (N 
decompositions are necessary). Therefore, a signi?cant com 
plexity reduction can be achieved. 
[01 15] The convergence of the iterative methods performed 
by the equalizers shoWn in FIG. 2, FIG. 3 and FIG. 4 are very 
sensitive to the determination of the correlation coef?cients 
pm, which can be considered as the reliability of the decisions 
made. Theoretically, the correlation coe?icient pZ_l can be 
calculated using the equalized SNR for that iteration. In [1] 
and [2], the correlation coef?cients are determined by, for 
QPSK modulation, 

QF1-2QWW) (16) 

Where is the equalized SNR at the lth iteration. 
[0116] This calculation is used in one embodiment and is 
valid When the signal dimension goes to in?nity. In practice 
the signal dimension is small, thus using this approximation 
may yield a result far aWay from the ML (maximum likeli 
hood) bound. 
[0117] In one embodiment, the correlation coef?cients are 
generated according to a method based on simulations.As for 
?nite signal dimensions, the correlation ?uctuates from one 
realization to another. The determination method is as fol 
loWs. For anAWGN (average White gaussian noise) channel, 
the average correlation betWeen the transmitted signals and 
the hard-decision symbols is calculated. This process is 
repeated for, e.g., 10000 runs from Which 10000 realizations 
of correlations are obtained. Experiments shoW that While the 
mean of these realizations gets quite close to the formula (1 6), 
the realizations ?uctuate quite strongly. 
[0118] The correlation is chosen as the average of the tWo 
components for each SNR point: one is the theoretical value 
form (16) and the second is the minimum of the realizations 
for that SNR point. This method is referred to as Dynamic 
Correlation Calculation method. 
[0119] In one embodiment, the method is used to set a ?xed 
set of values for the correlation for each iteration. This 
method is called Fixed Correlation Calculation method. Con 
sidering that With the increase of the number of iterations, the 
decisions are getting better and better, the correlation coef? 
cient is chosen as an increasing function of the iteration 
numbers. Typically values range from 0.8 to 0.999. For 
example, for four iterations the correlation coef?cients pl to 
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p4 are chosen as [p1, p2, p3, p4]:[0.95, 0.95, 0.99, 0.99]. By 
doing such a simpli?cation, even though the truly converged 
solution is not able to obtain, it may Work very Well in some 
SNR range for some cases, Which can be seen by simulations. 

[0120] In the folloWing, it is described hoW the invention 
can be applied to different CDMA (code division multiple 
access) systems. 
[0121] First, the input-output models for CP (cyclic pre?x) 
based CDMA systems are presented. Considering the duality 
betWeen multicarrier carrier and single carrier systems, it is 
started from multicarrier based CDMA systems, Which are 
more popular than single carrier CP-based systems. Synchro 
nous doWnlink transmission and single cell environment are 
considered for all systems. 

[0122] The transmission is on a block-by-block basis, With 
each block consisting of the CP sub-block of P samples and 
the data sub-block of N samples. By adding a CP longer than 
the channel memory, the channel matrix becomes a circular 
matrix, Which can be represented as HIEHM, Where E is 
the N-point DFT matrix, and A:diag{7tl, . . . , KN} is a 

diagonal matrix, the elements of Which are the frequency 
domain channel responses in each subcarrier. Denote the time 
domain channel responses as h(0), h(1), . . . ,h(L), each With 
one symbol delay, then 

[0123] For multicarrier systems, the data sub-block is pre 
transforrned before transmission using the N-point IDFT 
matrix EH; While for single carrier systems, the data sub 
block is transmitted out directly. At the receiver side, both 
single carrier and multicarrier systems ?rst pre-transform the 
received data sub -block With the DFT matrix K, the output of 
Which is further utilized to recover the transmitted signal via 
either linear or nonlinear detectors. 

[0124] Denote G as the processing gain, Which is common 
to all users. The folloWing notations are introduced Which are 
common for all systems: D(n) for the long scrambling codes 
at the nth block, D(n):diag{d(n; 0), . . . , d(n; N— l )]>; g,- for the 
short codes ofuser i, gi:[ci(0), . . . , cl-(G—l)]T, g,-Hgj:l for iIj, 

and QZ-HQJ-IO for the others. 

MC-DS-CDMA 

[0125] MC-DS-CDMA (multi carrier direct sequence 
CDMA) performs time domain spreading. Suppose that each 
user has equal processing gain of G, and there are T users 
sharing the same cell (TéG). The MC-DS-CDMA system 
performs block spreading as folloWs. 

[0126] (1) Taking N symbols from each user, spreading 
them With users’ spreading codes; 
[0127] (2) The chip signals corresponding to the same sym 
bol index from all users are summed, and are transmitted over 
the same subcarrier but With different blocks. Thus it takes G 
consecutive blocks to send out the Whole chip sequences. 
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[0128] The nth received block after FFT operation can be 
Written as 

H (17) 

m) = @002 g-(Ms; + w) 
[:0 

Where, OénéG-l, and 

Where sl- is the transmitted signal vector of siZe N><l for user i; 
and u(n) is the AWGN after FFT operation. 
[0129] From the above, the kth sub-carrier of the nth block 
can be conveniently represented as: 

Gathering the received signals of the kth sub -carrier from the 
0th block to the (G—l)th block yields 

~ T:1 (19) 

you = @2002 mm.- + m) 

[0130] Using Q(k)gi to despread y(1<) yields 

m) = duh/01w (21) 

= M $00 + "(M 

or 

z,- = A; + a; (22) 

Where Zi:[Zl-(0), . . . , Zl-(N—l)]Tand ui:[ui(0), . . . , ul-(N—l)]T. 

Note 2. is a AWGN With same characteristics as u(n). There 
fore, if the channel responses are constant over the entire G 
blocks, the MC-DS-CDMA does not experience any MAI 
(multiple access interference) and ISI (inter symbol interfer 
ence) as long as TéG. 

MC-CDMA 

[0131] MC-DS-CDMA performs time spreading in the 
sense that the chip signals belonging to the same symbol are 
transmitted through different time blocks. MC-CDMA per 
forms frequency domain spreading by transmitting those chip 
signals through different sub-carriers Within the same block. 
Denote T as the total number of users; Q as the number of 
symbols transmitted in one block for each user; and G as the 
common processing gain to all users. Note NIQG is the total 
number of sub-carriers. 
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[0132] For MC-CDMA systems, the Q symbols of each 
user are ?rst spread out using its oWn spreading codes, then 
the chip sequences for all users are summed up; and ?nally the 
total chip signals of siZe N are interleaved, and passed to an 
N-point IFFT processor, folloWed by adding a CP. At the 
receiver side, the nth received block after FFT can be repre 
sented as 

XOOIAHQWQWHQW) (23) 

where H is the interleaver matrix used to spread the transmit 
ted chip sequence from the same symbol to possibly non 
consecutive sub-carriers; and 

x(n):Lv(n;0), - - - ,y(n;N—1)]T 

QIdiagE, . . . ,c} 

NFLEITW), - - - ,EQT ("HT (24) 

Where 

CIEO, - - 'ETJ] 

il-(n):[so(n;i), - - - ,Sr.1(n;i)]T (25) 

[0133] Dividing the received signal vector y(n) into Q non 
overlapping short column vectors, each With G elements cor 
responding to the chip signals belonging to the same symbol. 
Equation (23) can then be decoupled as 

for iIl, . . . , Q, Where A, and Qi(n) are the ith sub-block of A 
and Q(n). Note to achieve similar frequency diversity for each 
transmitted symbol, the interleaver can be designed in such a 
Way that A, takes elements from A such that Tr{|Ai|2} is 
almost constant for each sub-block. This can be achieved 
through allocating the chip signals belonging to the same 
symbol to equally spaced sub-carriers. From (36), it is seen 
that MC-CDMA experiences MAI, but not ISI. Also, signal 
detection can be done for each individual block. 

CP-CDMA 

[0134] Both MC-DS-CDMA and MC-CDMA are multi 
carrier systems in the sense that each data block is pre-trans 
formed through IDFT. 
[0135] Next, the single carrier dual of those systems is 
considered, Which transmits the data blocks directly, Without 
using any pre-transforms. 
[0136] CP-CDMA is the single carrier dual of MC-CDMA. 
Suppose that there are T users Within the same cell, and each 
user has the common processing gain of G. The number of 
symbols contained in each block for one user is QIN/ G. 

[0137] For CP-CDMA systems, the Q symbols of each user 
are ?rst spread out With its oWn spreading codes, then the chip 
sequence for all users are summed up; the total chip signal of 
siZe N is then passed to CP inserter, Which adds a CP. Using 
the duality betWeen CP-CDMA and MC-CDMA, from (23), 
the nth received block of CP-CDMA after FFT can be Written 
as 

Where y(n), Q, and s(n) are de?ned same as in MC-CDMA 
case. From (27), it is seen that CP-CDMA experiences both 
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MAI and ISI for each block, thus powerful signal processing 
is required in order to recover the transmitted signals. 

CP-DS-CDMA 

[0138] CP-DS-CDMA is the single carrier dual of MC-DS 
CDMA. Denote T as the total number of users; N the number 
of subcarriers for each block; and G the common processing 
gain to all users. The CP-DS-CDMA system performs block 
spreading as folloWs: the N symbols of each user are ?rst 
spread out With its oWn spreading codes, then the chip 
sequence for all users are summed up; the total chip signal 
corresponding to different chip index is transmitted over dif 
ferent time block, thus it takes G blocks to send out the Whole 
chip sequence of the N symbols. 
[0139] The nth received block after FFT can be Written as 

Tel (28) 

N) = AWDUUZ c;(n).§i + m) 
[:0 

Wheren=0, , G-l, and 

1M) = [Wu 0), Mn; N —1)]T (29) 

.5, = [st-<0), .SAN- 1)? 

Mn) : [14(n; O), , 14(n; N — 1)]T 

[0140] If the same set of long scrambling codes are applied 
to the G blocks, i.e., 2(0): . . . :Q(G—l):Q, by collecting the 
kth sub-carrier’s received signals from the 0th to (G—l)th 
blocks, one obtains 

Tel (30) 

goo =AkZmk. amt-Q‘- +200 
[:0 

Where y(k):[y(0; k), . . . ,y(G— l; k)]T, and ?ag) denotes the 
kth roW of E. Note ?ag 9g,- is a scaler. Using 91- to perform 
despreading, one obtains 

@(k) = $100 (31> 

= Akmk, gm‘. + @(k) 

Thus 

z; = MIL,- + a; (32) 

Where Zi:[Zl-(0), . . . , Zl-(N—l)]Tand u,-:[ui(0), . . . , ul-(N—l)]T. 

Note (32) is the single carrier duality of MC-DS-CDMA 
model (22), if DII. From (32), it is seen that CP-DS-CDMA 
does not experience MAI, but it does have ISI. It is also noted 
that after block despreading, a CP-DS-CDMA system is 
equivalent to a single carrier CP(SCCP) system. 
[0141] NoW, consider the generic MIMO channel model. 
Suppose the MIMO channel is described by the folloWing 
input-output relation: 

Where s, x and n denote the transmitted signal vector, received 
signal vector, and received noise vector, respectively; H is the 
channel matrix, representing the responses from the transmit 
antennas to the receive antennas. Without loss of generality, it 

Aug. 7,2008 

is assumed that s, x and n are all N><l vectors, and H is a N><N 
matrix. Assuming that e[§H]:oS2I, €[@H :on2l, €[&H]:0. 
Denote B as the linear equaliZer for the channel (33), Which 
generates the output: 

ZIZHE (34) 

[0142] Then, the minimum mean square error (MMSE) 
equaliZer is given by 

EA/IMSEIOSZ IOSZIEH'I'OEUT 11;] (3 5) 

[0143] In the folloWing, the linear receivers for each of the 
CP-based CDMA systems are speci?ed. 
[0144] MC-DS-CDMA performs block despreading for 
each sub-carrierusing G consecutive blocks.A one-tap equal 
iZer is then applied to the despreading output to retrieve the 
transmitted signals. The MMSE equaliZer to the ith sub 
carrier is given by 

U'ZA; (36) 
p;, MMSE = 

o'g/lt-z + 0'2 

[0145] For MC-CDMA, the signal separation is done for 
each sub-block. As the channel matrix for the ith sub-block of 
the nth block is 

EPA-2A”)? (37) 

[0146] Thus the MMSE equaliZer is given by, for fully 
loaded systems, 

EMA/ISEIOSZ [052 ‘A1- l2+0n2y TAT-21f” )2 (3 8) 

Which is realiZed through a one-tap equaliZer, (os2[os2l 
Ai|2+on2H_1Al-)H, folloWed by a despreader [Q,-(n)C]H. 
[0147] For CP-CDMA, the channel matrix for the nth block 
is given by 

Ii:AWD(n)§ (39) 

[0148] Thus the MMSE equaliZer is given by, for fully 
loaded systems, 

Which is realiZed through a one-tap equaliZer, (os2[os2l 
A|2+on2H_1A)H, folloWed by an IDFT operator EH, folloWed 
by a despreader [Q(n)QH. 
[0149] CP-DS-CDMA performs block despreading using 
G consecutive blocks, the channel matrix after despreading is 
given by 

HIM (41) 

[0150] 
EA/IMSEIOSZ [0S2 ‘Maggi/TIM (42) 

Thus the MMSE equaliZer is given by 

Which is realiZed through a one-tap equaliZer, (oS2[oS2| 
A|2+on2H_1A)H, folloWed by a IDFT operator EH. 
[0151] After block despreading, a CP-DS-CDMA system 
becomes a SCCP system, and similarly, a MC-DS-CDMA 
becomes an OFDM system. 
[0152] Next, linear equaliZers according to embodiments 
of the invention are described, Which are applied to the vari 
ous CDMA systems. 

[0153] Linear equaliZers are easy for implementation, hoW 
ever, they are single user detectors in the sense that When 
detecting one symbol, the others are all treated as interfer 












